Introduction {#s1}
============

The circadian clock is a molecular mechanism that confers 24-hour variations in gene expression and function, allowing a better correlation between daily changes in the body and the environment. Although recent studies unravelled the negative consequence a broken clock can have on cardiovascular physiology, endothelial function, and vascular disease \[[@B1]-[@B13]\], the mechanisms by which the circadian clock influences the onset and progression of vascular dysfunction remain unclear. Mice with mutation of circadian clock components, such as the transcription factor Bmal1, exhibit acute vascular dysfunction with aberrant chronic vascular responses in remodelling \[[@B2]\]. Vascular stiffness and increased in matrix metalloproteinase (MMP) activity which is observed in circadian clock knockout mice \[[@B1]\] has been correlated with increased levels of reactive oxygen species \[[@B14]\]. Recently, we have found superoxide levels are increased in vessels from Bmal1-KO mice, due to uncoupling of eNOS\[[@B15]\]. Another significant source of reactive oxygen species are NADPH oxidases, of which the Nox4 isoform is unique in its ability to form hydrogen peroxide \[[@B16],[@B17]\]. Herein, we demonstrate that Nox4 expression and function in arteries from Bmal1-KO mice is increased with Nox4 gene exhibiting oscillatory circadian expression in human endothelial cells. Moreover, Nox4 promoter was directly activated by circadian transcription factors Bmal1 + NPAS or Bmal1 + Clock. In conclusion this study describes a novel role for the circadian clock in modulation of vascular ROS by activation of Nox4 promoter.

Materials and Methods {#s2}
=====================

Mice {#s2.1}
----

All experiments were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved and monitored by the Georgia Regents University, Institutional Animal Care and Use Committee. Wild-type (WT) litter-mate control and congenic Bmal1-KO mice (22-32 g, Jackson Labs, ages 6-16 weeks) were used in all studies. Mice were housed under standard 12 hour light/dark conditions (LD).

Western Blotting {#s2.2}
----------------

Aortas were dissected, pulverized under liquid nitrogen, and protein was extracted. Protein concentration was determined by BCA kit and loaded on SDS-PAGE gels. Nox4 protein expression was detected with rabbit anti-mouse polyclonal antibodies (Abcam, cat no. ab60940), followed by enhanced chemiluminescence (ECL kit, Amersham). Densitometry was performed using Image J software.

Real time quantitative PCR {#s2.3}
--------------------------

Total RNA vas isolated from either aortae or human aorta endothelial cells cultured in vivo using RNA-easy extraction kit. cDNA was synthesized using iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative real-time PCR was carried out using a SYBR Green Supermix (Bio-Rad, Hercules, CA) and primers to Nox4 (forward primer, TGTTGCATGTTTCAGGTGGT; reverse, AAAACCCTCGAGGCAAAGAT) and Nox1 (forward primer, CATGGCCTGGGTGGGATTGT; reverse, TGGGAGCGATAAAAGCGAAGGA). Results were quantified by ΔΔCT method and results normalized with respect to GAPDH or 18S rRNA.

Promoter Activity Assay {#s2.4}
-----------------------

COS-7 cells were transfected and the total amount of expression plasmid transfected per well was kept constant by adding varying amounts of empty vector. The human Nox4 promoter cloned in PGL4.10-basic luciferase reporter vector (Promega, Madison, WI) (nucleotides −718 to +3 of the Nox4 gene) as described \[[@B18]\] was transfected into COS cells with control, Bmal1, Npas2, or Clock plasmids. At 24-h post-transfection, promoter activity was measured by a dual luciferase system using firefly luciferase normalized to Gaussian luciferase (Promega, New England Biolabs).

Endothelial and Smooth Muscle Cell Isolation {#s2.5}
--------------------------------------------

Aortae isolated from 6-8 week old mice were used to isolate endothelial and smooth muscle cells and further cultured as previously described\[[@B1]\]. Early passage cultured cells were lysed and used for western blotting.

Cell Culture, Transduction and ROS Measurement {#s2.6}
----------------------------------------------

Human aortic endothelial cells (HAECs) and human aortic smooth muscle cells (HASMCs) were purchased from Cascade Biologics and grown in endothelial cell basal medium-2 (Clonetics) or smooth muscle cell basal medium (Clonetics). COS-7 cells from ATCC were cultured in in Dulbecco' s modified Eagle's medium (DMEM) containing penicillin (100 U/ml), streptomycin (100 mg/ml), and 10% (v/v) fetal bovine serum. Mouse aortic endothelial and smooth muscle cells were isolated and cultured as previously described\[[@B1]\]. Replication-deficient adenoviruses encoding the control virus GFP or antisense-Bmal1 were generated and used to infect and deliver the gene construct in human aortic endothelial cells (HAEC) and human aortic smooth muscle cells (HASMC). Cells were incubated at 37°C, with 400 µmol/L L-012 (Wako) or 30 µmol/L Amplex Red. Luminescence (L012) and fluorescence (Amplex Red) was quantified over time using Lumistar Galaxy (BMG) luminometer.

Statistical Analysis {#s2.7}
--------------------

One-way ANOVA with Tukey post-tests or two-way ANOVA with Bonferroni post-tests were used to determine significance in the experiments, analyzed through Graph pad Prism 5 (GraphPad Software Inc., La Jolla, CA) and cosinor analysis performed as described\[[@B19]\].

Results {#s3}
=======

Increased Nox4 Expression in Bmal1-KO mice {#s3.1}
------------------------------------------

To determine the interaction between circadian disruption and Nox4, we assessed Nox gene expression by quantitative real time -PCR in vascular tissue (aorta) of mice deficient for the Bmal1 gene. Expression levels for Nox4 were significantly elevated (3.5 fold increase) in aorta of Bmal1-KO mouse aorta versus wild type (WT) mice, while Nox1 expression did not vary significantly ([[Figure **1**](#pone-0078626-g001){ref-type="fig"}]{.ul}). To dissect if there was differential expression of Nox4 controlled by Bmal1 in vascular cells, mouse aortic endothelial cells were isolated from Bmal1-KO mice. Nox4 expression was increased in both aortic endothelial cells ([Figure **2A**](#pone-0078626-g002){ref-type="fig"}) and smooth muscle cells ([Figure **2B**](#pone-0078626-g002){ref-type="fig"}).

![Increased Nox4 gene expression in aorta of Bmal1-KO mice.\
Aortae from WT and Bmal1-KO mice were isolated between ZT2 and ZT4, cryopreserved and total RNA isolated. Relative gene expression was assessed by qRT-PCR for Nox4 (forward primer, TGTTGCATGTTTCAGGTGGT; reverse, AAAACCCTCGAGGCAAAGAT) and Nox1(forward primer, CATGGCCTGGGTGGGATTGT; reverse, TGGGAGCGATAAAAGCGAAGGA) in mouse aorta and normalized to 18S. Bmal1-KO mice exhibited a significant increase in Nox4 gene expression (\*P\<0.05, n=6).](pone.0078626.g001){#pone-0078626-g001}

![Increased Nox4 protein expression in cultured aortic endothelial and smooth muscle cells of Bmal1-KO mice.\
Vascular smooth muscle and endothelial cells were isolated and cultured from aortae of WT and Bmal1-KO mice (passage 2-3). Nox4 expression levels were determined by immunoblotting and revealed a significant increase in Nox4 in vascular endothelial cells (**A**) and smooth muscle cells (**B**) from Bmal1-KO animals relative to wild-type mice. Changes were quantified by densitometry (^\*^p\<0.05 versus WT, n=3).](pone.0078626.g002){#pone-0078626-g002}

Nox4 Promoter is Transactivated by the Circadian Clock {#s3.2}
------------------------------------------------------

To determine if the circadian clock might directly control the Nox4, we investigated promoter activity response of Nox4 to the circadian clock. It is well known that Bmal1 drives transcription of target genes by heterodimerizing with one of its basic helix-loop-helix protein partners, Npas2 or Clock. Thus, we conducted co-transfection studies using the human Nox4 promoter (subcloned in luciferase reporter vector) in COS cells with Bmal1 and either Clock or Npas2. Co-transfection of Bmal1 and Npas2 robustly activated the Nox4 promoter. Transfection of Bmal1 plus Clock also induced Nox4 promoter activity, albeit to a lesser extent ([Figure **3**](#pone-0078626-g003){ref-type="fig"}). As expected, Bmal1or Clock alone did not induce activation of the Nox4 promoter. These data demonstrate that Bmal1 plays an important role in the transcriptional regulation of Nox4.

![Nox4 promoter is regulated by the circadian clock.\
Human Nox4 promoter transactivation was assessed by a dual luciferase assay in transfected COS cells expressing the Nox4 promoter Gaussian luciferase in the presence and absence CLOCK, Bmal1, NPAS2, Bmal1+NPAS2 andBmal1+Clock. Cotransfection with Bmal1 and NPAS2 or Bmal1 and Clock significantly induced Nox4 promoter activity (\*p\<0.05 versus control, n=5).](pone.0078626.g003){#pone-0078626-g003}

Elevated Hydrogen Peroxide caused by Bmal1 Suppression {#s3.3}
------------------------------------------------------

We next employed an antisense-Bmal1 knockdown strategy (as-Bmal1) in human aortic smooth muscle cells (HVSMC) and human aortic endothelial (HAEC) to investigate the impact of tissue specific circadian disruption on H~2~O~2~ and superoxide production. Suppression of Bmal1 ([Figure **4A**](#pone-0078626-g004){ref-type="fig"}) in HVSMCs resulted in increased hydrogen peroxide production ([Figure **4B**](#pone-0078626-g004){ref-type="fig"}), but had no effect on superoxide production ([Figure **4C**](#pone-0078626-g004){ref-type="fig"}). Knockdown of Bmal1 did however increase Nox4 protein expression in the smooth muscle cells ([Figure **4D**](#pone-0078626-g004){ref-type="fig"}). However, in HAECs, knockdown of Bmal1 ([Figure **5A**](#pone-0078626-g005){ref-type="fig"}) caused an increase in both hydrogen peroxide ([Figure **5B**](#pone-0078626-g005){ref-type="fig"}) and superoxide ([Figure **5C**](#pone-0078626-g005){ref-type="fig"}), while also increasing Nox4 expression ([Figure **5D**](#pone-0078626-g005){ref-type="fig"}). Indeed, recent work suggests that that the increase of endothelial superoxide caused by Bmal1 dysfunction may be in part due to uncoupling of eNOS \[[@B15]\].

![Bmal1 knockdown increases hydrogen peroxide in human aortic smooth muscle cells.\
(**A**) Western blot showing reduction in Bmal1 expression in human aortic smooth muscle cells incubated with antisense-Bmal1 adenovirus for 24 hours. (**B**) Knockdown of Bmal1 triggered an increase in H~2~O~2~ but (**C**) no detectable change in O~2~ ^.\ -^ levels in human aortic smooth muscle cells (HASMC). (n=8, \*p\<0.05) (**D**) Relative expression of Bmal1 and Nox4 versus B-actin and GAPDH in human aortic smooth muscle cells transfected with siRNA-Bmal1or control siRNA (30nM, n=3-5).](pone.0078626.g004){#pone-0078626-g004}

![Bmal1 knockdown increases hydrogen peroxide and superoxide in human aortic endothelial cells.\
(**A**) Western blot showing reduction in Bmal1 expression in human aortic endothelial cells incubated with antisense-Bmal1 adenovirus. (**B**) Knockdown of Bmal1 resulted in increased H2O2 and superoxide (**C**) Relative expression of Bmal1 and Nox4 versus B-actin and GAPDH in human aortic endothelial cells transfected with siRNA-Bmal1or control siRNA (30nM, n=3-5). (**D**) Relative expression of Bmal1 and Nox4 versus β-actin and GAPDH in human aortic endothelial cells transfected with siRNA-Bmal1or control siRNA. Knockdown of Bmal1 increased Nox4 protein (n=8, \*p\<0.05 by one way ANOVA).](pone.0078626.g005){#pone-0078626-g005}

Circadian Oscillations in Nox4 {#s3.4}
------------------------------

Clock controlled genes are distinct in their expression pattern, having an oscillatory circadian profile with peaks and troughs within a 24 hour time period. To investigate whether Nox4 gene expression oscillates, we assessed tissue and cell expression over a time course. Indeed, Nox4 exhibited a circadian expression pattern in WT murine hearts, a rhythm that was absent in Bmal1-KO mice ([Figure **6A**](#pone-0078626-g006){ref-type="fig"}). In addition, assessment of overall expression levels revealed a significant increase in Nox4 expression in Bmal1-KO mice relative to the WT mice. We also examined oscillations in cultured cells. HAECs were subjected to serum shock, an established paradigm of circadian synchronization in cultured cells \[[@B20]\]. After serum shock, HAECs exhibited an oscillatory pattern in Nox4 ([Figure **6B**](#pone-0078626-g006){ref-type="fig"}) and Nox1 gene expression ([Figure **6C**](#pone-0078626-g006){ref-type="fig"}). These data suggest that Nox4 may exhibit an oscillatory circadian rhythm expression pattern, and that the circadian clock may play an important role in the control of Noxes resultant oxidant stress.

![Circadian oscillation in Nox4 and Nox1 gene expression in cardiac and endothelial cells.\
(**A**)WT and Bmal1-KO hearts were isolated at 4 hour intervals, cryopreserved and RNA isolated. WT mice exhibited a significant rhythm in Nox4 expression as demonstrated by cosinor analysis (p=0.047), that was absent in Bmal1-KO mice (p=0.68). Circadian clocks were synchronized in human aortic endothelial cells by horse serum shock (20%), and cell lysates were harvested at 6-hour intervals for 24 hours. Expression levels of Nox4 (**B**) and Nox1 mRNA (**C**) at each time point were quantified by qRT-PCR. Nox4 and Nox1 exhibited a rhythmic expression pattern over 24 hours. (n=4-6).](pone.0078626.g006){#pone-0078626-g006}

Discussion {#s4}
==========

The circadian clock, a network of genes and proteins (including Bmal1, Clock, Period, and Cryptochrome genes) that controls 24-hour rhythms, is emerging as an important influence in the control of the cardiovascular system\[[@B1],[@B2],[@B21]\]. Acute vascular responses such as endothelial function\[[@B2],[@B22]\], thrombogenesis\[[@B4]\], and blood pressure\[[@B23]-[@B25]\] have been demonstrated to be under control of the genetic components of the circadian clock. Also, chronic adaptation of the aging cardiovascular system is under clock control, including vascular remodeling \[[@B1],[@B2],[@B5]\] and angiogenesis\[[@B26]\]. Thus, the circadian clock may have an intricate entanglement into the etiology of cardiovascular disease. Indeed, there are human examples of circadian clock polymorphisms \[[@B27]\] that recapitulate the cardiovascular consequences of circadian clock dysfunction induced in mice by gene-targeted disruption of the circadian clock. In addition, epigenetic mechanisms also control circadian clock function\[[@B28]\], which may in part be a consequence of age-dependent worsening of vascular and circadian clock function. Our previous studies have demonstrated that the aging of blood vessels manifested by stiffening of the vasculature is accelerated in mice with circadian clock dysfunction\[[@B1]\], while other studies demonstrated that indeed aging in vascular cells and blood vessels impaired circadian clock expression\[[@B26],[@B29]\]. Increasing oxidant stress which plays a key role in the process of aging \[[@B30]\] and deteriorating cardiovascular function\[[@B31]\] is also emerging as a significant mechanism controlled by the circadian clock to confer cardiovascular disease.

Recently we demonstrated that Bmal1-KO mice exhibit increased oxidant stress, and in particular superoxide, as a result of uncoupling of endothelial nitric oxide synthase\[[@B15]\]. This provoked us to determine if other oxidant stress signals might be affected or even controlled by the circadian clock. Indeed, in the current study, we have found that oxidant stress, in the form of hydrogen peroxide, is also increased by circadian clock dysfunction. Knockdown of Bmal1 in both cultured endothelial and smooth muscle cells increased hydrogen peroxide production, while knockdown of Bmal1 caused increased superoxide only in endothelial cells. These data suggest that Bmal1 influences the production of hydrogen peroxide in both endothelial and smooth muscle cells, while the effect of Bmal1 to control superoxide is endothelial-specific. Indeed, Nox4 is highly expressed in vascular cells and hydrogen peroxide release has been demonstrated in both endothelial \[[@B32],[@B33]\] and smooth muscle cells\[[@B34]-[@B37]\]. Nox4 is unique among the Nox family in its ability to produce primarily hydrogen peroxide as a reactive oxygen species through mechanisms that are not entirely clear but are thought to involve modifications of the E-loop \[[@B38],[@B39]\]. A further distinction is that Nox4 is regarded as an inducible (iNox) isoform that is constitutively active and regulated predominantly through changes in gene expression\[[@B40]\]. Our studies have found an unexpected Nox influence of the circadian clock through Bmal1 that impacts changes in Nox4 expression. In synchronized endothelial cells, Nox4 expression exhibited a 24-h rhythm which is consistent with the \~ 8% of genes under circadian control. Aortic tissue of Bmal1-KO mice exhibited increased Nox4 expression that was evident in both cultured endothelial and smooth muscle cells of Bmal1-KO mice. Interestingly, the human Nox4 promoter was strongly activated by co-transfection with Bmal1-Npas2 and more modestly by Bmal1-Clock. This is consistent with the activation mechanisms involving the circadian clock where by heterodimeric interactions between the basic-helix loop helix transcription factors which include Bmal1, Clock, and Npas2, are required for transactivation of the repressive limbs of the circadian clock, including the Per and Cryptochome (Cry) genes. While Bmal1/Npas2 cotransfection induced Nox4 promoter activity, this was in contrast to what was observed in Bmal1-KO mice which exhibited an increase in Nox4 expression. Such counterbalancing effects have also been observed with other circadian clock outputs/targets due to complex regulation involving the various circadian clock loops. For example, PAI-1 is regulated by three discrete circadian clock components. PAI-1 expression is driven by Bmal1 transactivation\[[@B41]\], inhibited by Rev-erbα\[[@B42]\] which is a repressor of Bmal1, and inhibited by the circadian Period-2\[[@B43]\]. In Bmal1-KO, PAI-1 expression is increased, with this complex array of regulatory signals. Thus, Nox4 may undergo additional complex regulation involving other clock components. More evidence to support the impact of the circadian clock on Nox4 expression is that many vascular signals that control the circadian clock also regulate Nox4. Nox4 is increased by TGF-β\[[@B44],[@B45]\] , and suppressed by PPARγ agonists\[[@B46]\], 15-deoxy-Delta12,14-prostaglandin J2 (15d-PGJ2)\[[@B33]\], and Angiotensin II (AngII)\[[@B47]\]. Indeed, PPARγ\[[@B48]\], PGJ2\[[@B49]\], and Ang II\[[@B50]\] exhibit profound effects on the oscillation of the circadian clock \[[@B21]\]. Moreover, Nox4 was shown to be increased during smooth muscle differentiation after vascular injury \[[@B51]\]. Taken in conjunction with our findings that Nox4 is increased in Bmal1-KO mice, these results suggest that Nox4 may also be involved in vascular remodeling in conditions of circadian dysfunction \[[@B2]\]. While Nox4 mediated hydrogen peroxide production is known to both protect\[[@B52],[@B53]\] and injure\[[@B54],[@B55]\] the vasculature, an intriguing possibility is that the temporal oscillations in Nox4 may condition the ability of hydrogen peroxide to engage with effectors to confer such disparate outcomes. Indeed, though our data demonstrate a loss of circadian rhythmicity in Bmal1-KO mice, which over exhibit higher levels of Nox4 near the entire circadian cycle, WT mice exhibit a significant oscillation, where by Nox4 at discrete times of day is increased or decreased, which may differentially impact functional outputs of Nox4 signaling.

While we have also previously shown the intrinsic importance of vascular Bmal1 and Period genes, our data also supports a direct role of the clock in control of Nox4 promoter. While it may be paradoxical that the promoter was transactivated by the circadian clock and that Bmal1-KO mice exhibited increased Nox4 expression, this may reflect several possibilities that will necessitate further investigation. Firstly, the difference in response to differences related to the human versus mouse Nox4 promoter mouse, though both contain a consensus E-box. It is also possible that in vivo, compensatory mechanisms or additional transcription factors may be recruited in conditions of Bmal1 disruption that may modify the response.

In summary, we demonstrate elevated hydrogen peroxide in arteries of Bmal1-KO and in human endothelial and smooth muscle cells where Bmal1 expression is genetically silenced. We also demonstrate that Nox4 oscillates in serum shocked human endothelial cells, while Bmal1 and Clock transactivate the Nox4 promoter, suggesting that Nox4 may be a circadian output, directly controlled by the circadian clock. These data may provide new insight into the regulation of Nox4 expression and its ability to produce hydrogen peroxide and impact vascular function.
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